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Little is known experimentally about the effect of charge in ionic multi-polymeric 
systems. Theory has shown that many charged systems have unusual phase diagrams that are 
asymmetric. Such a phenomenon would be ideal for tuning domain sizes or obtaining non-
traditional structures in materials. One of the two studies presented in this thesis focuses on the 
crystallization kinetics in a crystalline-crystalline polymer blend, to better understand how to 
tune the number density and size of crystalline domains in crystalline-crystalline and crystalline-
amorphous polymer blends. The blend system’s miscibility, kinetics, and final structures were 
studied at different compositions and compared to the homopolymers via differential scanning 
calorimetry (DSC), polarized optical microscopy (POM) and grazing-incidence wide-angle x-ray 
scattering (GI-WAXS). From DSC, the blends were found to melt at the same temperatures as 
the homopolymers but crystallize at much lower temperatures (at least a 20°C shift) due to 
slower kinetics. The blend kinetics were studied quantitatively via POM spherulite 
measurements over time and agreed with DSC data. GI-WAXS showed that the blends displayed 
crystalline features from both the individual components. The second study presented in this 
thesis focuses on amorphous charged blends. The blends are comprised of a plus-neutral polymer 
for high ionic selectivity, and poly(2-vinylpyridine) (P2VP) for mechanic integrity. Under proper 
processing conditions, the blend system was found to be at least partially miscible from being 
visually transparent and from having observed shifts of two glass transition temperatures inwards 
from those of the individual homopolymers. Preliminary conductivity data showed a decrease of 
at least four orders of magnitude when 50 wt% P2VP was added. For membrane applications, the 
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CHAPTER 1: INTRODUCTION 
1.1 Background on polymer blends 
Blending two or more polymers together can yield cost-effective materials with 
synergistic properties. These blends are created via simple processing methods, while desired 
traits of the individual polymers are typically conserved. Because of these incentives, polymer 
blends are ideal for researchers aiming to easily tune material properties such as glass-transition 
temperature (Tg), melting temperature (Tm), crystallization temperature (Tc), amount 
crystallinity, mechanical strength, chemical stability, and electrical performance. 
One of the biggest challenges in polymer blend systems is being able to obtain a 
thermodynamically stable, homogeneous mixture. This is due to the low entropy of mixing for 
polymers. The choices for miscible polymer blend systems are thus limited. However, depending 
on the application, both miscible and immiscible blends can be useful as parts of our daily lives. 
In the case of miscible blends, multiple polymers are blended to obtain a uniform 
material with useful traits from each of the homopolymers. The homopolymers being blended 
tend to be chemically similar enough to have favorable interactions with each other. An example 
of a miscible polymer blend is noryl, which is a family of resins developed by General Electric in 
1966 [1]. Noryl is a blend of polystyrene (PS) with polyphenylene oxide (PPO) or other 
polyphenylene ether (PPE) resins. Both can mix well with each other due to the presence of an 
aromatic ring in the repeat unit of both homopolymer chains. The result is a material with good 
mechanical strength, chemical stability, heat resistance, and electrical insulation. Due to the good 
mixing of the homopolymers, the properties are uniform throughout. 
While it is generally useful for polymer blends to be thermodynamically miscible and 
have a single-phase structure, sometimes an immiscible system is desired. An example comes 
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from the manufacturing of plastic bottles for carbonated beverages. The immiscible polymer 
blend is comprised of polyethylene terephthalate (PET) and polyvinyl alcohol (PVA). The two 
components phase separate into lamellae, or layers. The PET gives a bottle the ability to hold the 
liquid with its good mechanical strength, while the PVA is impermeable to gases and keeps the 
carbon dioxide contained within the bottle [2]. Immiscible blends can also be useful as systems 
with phase-separated domains of tunable size. 
 
1.1.1 Theoretical miscibility of polymer blends 
How miscible a polymer blend system is theoretically stems from the thermodynamic 
equation for the free energy of mixing, derived from mean field theory: 
 






ln 1 − -.  
 
 
Here, k is the Boltzmann’s constant, T is temperature, χ is the Flory interaction parameter, 
ϕi is the volume fraction of component i, and Ni is the number of repeat units in chain of 
component i. 
In polymer blends, both N1 and N2 tend to be high. Because of this, χ needs to be low to 
lower the free energy of mixing. Lower N values will also contribute to a lower Gibbs free 
energy. The parameter χN thus becomes useful in determining how miscible a polymer blend is. 
The lower χN is, the more likely a system is to mix. Ways to lower this mixing parameter are by 
blending together polymers containing fewer repeat units or by improving the interactions 
between the homopolymers via chemistry selection. 
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For reference, in a binary system where N1 and N2 are equal and the composition is ϕ1 = 
ϕ2 = 0.5, the critical χN value for phase separation is two. A χN > 2 means that phase separation 
should theoretically occur. [3] 
 
1.1.2 How to characterize miscibility of polymer blends 
There are several methods of determining whether polymer blends are miscible. They 
include simple visual cloud point tests, microscopy, and differential scanning calorimetry (DSC). 
Immiscible polymer blends have phase separated domains on the order of microns, or 
larger. These domains are larger than the length scale required to scatter visible light. Therefore, 
a blend which is cloudy and opaque by eye indicates the presence of these phase separated 
domains [4]. 
The phase separated domains can also be observed via microscopy. If there is enough 
contrast between the refractive indices of the individual components, an optical microscope 
would be sufficient to see the domains and measure their sizes. If the contrast between the 
homopolymers is low, other imaging techniques may be used instead. 
Another traditional technique for determining if a system is miscible or not is to use DSC 
to study the thermal transitions, particularly Tg, of the homopolymers and the blends. If a blend 
exhibits a single Tg intermediate to those of the homopolymers, the system is miscible. The 





Figure 1.1: Flory Fox model, commonly used to describe Tg of miscible blends. 
 
If a blend exhibits two Tg values that do not vary from those of the homopolymers, the 
system is immiscible. If a blend exhibits two Tg values which are intermediate to those of the 
homopolymers, the system is not necessarily miscible or immiscible. In 2000, Lodge and 
McLeish claimed miscibility in a polymer blend of polyethylene oxide (PEO) and poly(methyl 
methacrylate) (PMMA) with the double Tg effect by using results from various characterization 




Figure 1.2: Example where there are two Tgs in a miscible blend system of PEO/PMMA. A) The 
blend is visually transparent, indicating no light-scattering phase-separated domains on the 
micron scale. B) Plot of Tgs of blends at various compositions [5]. 
 
To explain their results, they described a self-concentration model with local regions that 
are more enriched with one homopolymer due to chain connectivity. Figure 1.3 below shows 







Figure 1.3: Self-concentration model [6]. 
 
1.1.3 Existing polymer blend phase behavior classifications 
Below is a schematic phase diagram that shows some of the common polymer blend 
phase behavior classifications, which describe different types of miscibility ranges. Typically, 
polymer blends follow upper critical solution temperature (UCST) behavior, lower critical 
solution temperature (LCST) behavior, or even both. 
In UCST systems, there exists a critical temperature Tc below which there exists a 
miscibility gap. For temperatures higher than Tc, the material exhibits single phase behavior at 
all compositions. In LCST systems, the effect is the opposite. Above the Tc there is a miscibility 
gap and below it the material is in a single phase at all compositions. In systems where there are 
complex temperature dependencies on the interaction parameter χ, both UCST and LCST 




Figure 1.4: Typical phase diagram classifications observed for polymer blends. A UCST and 
LCST-combined system is shown here [7]. 
 
1.2 Theory of charged polymer blends 
Although research on polymer blends has been done since the mid 1800’s [8], still not 
much is known about the role of charges in multi-polymer systems. Recent theory [9, 10] has 
shown that phase diagrams of charged polymer blend systems will deviate significantly from 
those of neutral polymer blend systems, but very little experimental work has been done in this 
field. It is still not very well known how ions affect phase behaviors of multi-polymer systems. 
In 2014, Sing et al. showed that by introducing charge in a block copolymer system, the 
phase diagram becomes incredibly skewed [9]. As can be seen in Figure 1.5 below, it is possible 
for the material to suddenly become 1-phase from 2-phase just by introducing enough charge to 
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the system. Or, if the same regime is desired (e.g. metastable) when charge is added, the 
composition of the blend would vary greatly. This could potentially be useful for a system in 
which a more torturous path for the charges or other solutes is desired. 
 
Figure 1.5: The addition of charge into a multiple polymer system. The charged version of the 
phase diagram becomes much more skewed than the neutral version of the phase diagram [9]. 
 
In 2018, Xie and Lodge showed similar asymmetric profiles in binary polymer blends 
that were doped with salts [10]. As can be seen, cloud points become higher with the addition of 






Figure 1.6: The phase behavior of a salt-doped polymer blend. Similarly, asymmetric phase 
behavior is exhibited with respect to composition [10]. 
 
As introducing charges in polymeric systems can yield interesting materials with 
unconventional structures from those typically found in neutral systems, the focus of the work in 
this thesis will be focused on ionic systems. Specifically, polymer blend systems containing 
polymerized ionic liquids (PILs), or polymers with bulky, delocalized charges based on ionic 
liquid chemistries, will be examined. PILs are chosen due to the unique physiochemical 
properties of small molecule ionic liquid chemistries such as non-flammability, high ionic 
conductivity, and good thermal and chemical stability [11]. PILs also possess better mechanical 
properties while retaining high conductivities under anhydrous settings [12]. The diffusion of 
ionic polymers has been largely unexplored because in traditional ionic polymers, the charges 
cluster and cause the material to become immobile. This is not the case in PILs with bulky 
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charged groups because the strength of the electrostatic forces between ions drop with the square 
of ion size, as stated by Coulomb’s Law. For this reason, PILs exhibit mobility and the ability to 
diffuse at room temperature, unlike traditional ionic polymers. 
 
1.2.1 Motivation for crystalline ionic polymer blends 
Multiple crystallization processes can be found in materials such as ceramics, alloys, 
colloidal particles, and polymers [13]. There is interest in these applications due to the benefits 
of materials with structural and morphological heterogeneity [13]. So far, research has been 
conducted in many neutral multi-polymeric systems. For example, Kim et al. [14] examined a 
doubly crystalline system of poly(L-lactide)-b-poly(ε-caprolactone) (PLLA-b-PCL) diblock 
copolymer in which both blocks of the polymer are biodegradable. Similarly, polymer blends of 
semi-crystalline systems, crystalline systems with small melting point differences between the 
components, and crystalline systems with large melting point differences between the 
components, have been examined as well [15, 16, 17].  
Understanding how to tune the number density and size of crystalline domains in such 
systems will elucidate how to tune crystalline domains in crystalline-amorphous systems as well. 
This will be useful for applications such as devices for thermal switching, the idea of which is 
modeled by squid ring teeth, which contain both crystalline and amorphous domains [18].  
As not much work has been done on non-ionic polymeric systems, there is interest in 
seeing how charge may affect such systems. Thus, the polymers selected and described in this 






1.2.2 Motivation for amorphous ionic polymer blends 
There is also interest in amorphous blends, which can yield uniform materials with 
synergistic properties or materials with bi-continuous morphologies. Specifically, uniform blends 
with charge could yield membranes with ideal traits such as high ionic selectivity and 
mechanical integrity. Already, some work has been done on charged polymeric systems [19] 
such as networks, which innately have better mechanical properties than linear polymers. 
However, since not much is known about charged polymer blend systems, part of this thesis will 
focus on the study of an amorphous ionic polymer blend, the fundamentals of which could prove 

















CHAPTER 2: MISCIBILITY AND KINETICS IN CRYSTALLINE POLYMER BLENDS 
2.1 Materials and Methodology 
Intro: Two chemically similar PILs were selected as model components in a crystalline 
polymer blend system. The homopolymer chemical structures are indicated in Figure 2.1 below. 
One PIL, referred to as AmC6TFSI, contains an ammonium cation and a six-carbon spacer in the 
backbone and a mobile trifluoromethanesulfonimide (TFSI) anion. A second PIL, referred to as 




Figure 2.1: Backbone structures for AmC6TFSI and ImC6TFSI homopolymers, followed by 




Similarities in the carbon-spacer lengths and mobile counterions is hypothesized to lead 
to polymer miscibility, as well as the potential to observe co-crystallization in the blends. To 
develop a crystalline polymer blend system, both homopolymers needed to have fewer than eight 
carbons in the spacer between the backbone cations; otherwise, they remain amorphous as 
observed in our group. TFSI was chosen as the common counterion to lower Tg and enhance 
conductivity, due to its large ion size. 
The only difference in AmC6TFSI and ImC6TFSI is the cation chemistries, which leads to 
very different crystallization time scales and melting temperatures. It is of interest to observe 
how the two homopolymers contribute to a polymer blend system with complex crystallization 
kinetics. 
Since AmC6TFSI and ImC6TFSI are both crystalline, it is difficult to characterize the 
blend miscibility by analyzing Tg shifts, a common method for amorphous blends. Thus, 
analogous amorphous materials with longer carbon spacers were selected, synthesized and 
blended with the goal of verifying miscibility. The materials selected for this were 
AmC6C10TFSI, which has alternating 6-carbon and 10-carbon spacers between the backbone 
ammonium ion, and ImC8TFSI, which has 8-carbon spacers. The analogous ammonium PIL had 
alternating carbon spacer lengths because while N,N,N′,N′-tetramethyl-1,6-hexanediamine is 
available commercially, the 1,8-octanediamine counterpart is not. The 10-carbon spacers were 
chosen to have an average spacer length of 8 carbons, which is the same as that of ImC8TFSI. 
 
2.1.1 Synthesis of crystalline ionic polymers 
Synthesis of 1,6-bisimidazolium hexane monomer. A mixture of imidazole (23.5 
mmol, 1.6 g), sodium hydroxide (23.5 mmol, 0.94 g), and dimethyl sulfoxide (DMSO) (5 mL) 
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was mixed in a round bottom flask, sonicated for 20 minutes, then stirred in a hot oil bath of 
70°C at 200 rpm for two hours under N2 gas until full dissolution in a light-yellow solution. At 
this point, 0.5 equiv. of 1,6-dibromohexane (1.8 mL) was added dropwise to the solution, which 
was then stirred under the same settings overnight. 
The flask was then removed from the oil bath and allowed to reach room temperature. 75 
mL of deionized water was introduced into the flask and the contents dissolved. The monomer 
was extracted with methylene chloride (3x 15mL). The combined organic layer was then washed 
with 5 to 10 mL of brine, dried over anhydrous sodium sulfate, and filtered through a funnel. A 
rotary evaporator was used to remove solvent initially. Further solvent was removed by drying 
the product in a vacuum oven at 60°C (30 in. Hg) overnight. The final product appeared to be a 
light-yellow oil. Chemistry of the monomer was confirmed via nuclear magnetic resonance 
(NMR). 
 
Figure 2.2: 1H NMR spectra in d-DMSO confirms the formation of monomer ImC6Im. Three 




Step-growth polymerization of ImC6Br and AmC6Br. The amount of monomer (either 





AmC6Br) was measured and mixed with 1 equiv. of 1,6-dibromohexane and 15 mL of 
acetonitrile in a round bottom flask. The mixture was stirred in a hot oil bath of 70°C at 200 rpm 
under N2 gas overnight. 
The flask was then removed from the oil bath. A rotary evaporator was used to remove 
acetonitrile initially. Further solvent was removed by drying the product in a vacuum oven at 
40°C overnight. The final product appeared as a white solid powder in chunks. Chemistry of the 
polymer was confirmed via NMR. 
 
Figure 2.3: 1H NMR spectra in d-DMSO confirms the formation of ImC6Br polymer from 
ImC6Im monomer and 1,6-dibromohexane. 
 
 
Ion exchange of Br- for TFSI-. The polymer was dissolved in as little methanol as 
possible. On the side, 2 equiv. of LiTFSI were measured and dissolved in deionized water. A 3.5 
kDa molecular weight cut-off (MWCO) dialysis bag of sufficient length was measured and cut, 
then soaked in deionized water to remove any remaining surfactants in the membranes. The two 
solutions prepared were then transferred to the bag via pipette. The clipped bag then underwent 
dialysis, spinning constantly at 200 rpm in a large beaker of deionized water for several days. 




dialysis was deemed complete when the conductivity of the deionized water outside the bag was 
less than 2 µS/cm. 
The water was then mostly removed, and the polymer was fully dried in a vacuum oven 
at 40°C overnight. Chemistry of the polymer was re-confirmed via NMR. 
 




2.1.2 Analogous amorphous blend for determining miscibility 
Since AmC6TFSI and ImC6TFSI are both crystalline, it is difficult to characterize the 
blend miscibility by analyzing Tg shifts. Thus, analogous amorphous materials with longer 
carbon spacers are also selected, synthesized, and blended with the goal of verifying the extent of 
miscibility. The materials selected for this were AmC6C10TFSI, which has alternating 6-carbon 
and 10-carbon spacers between the backbone ammonium ion, and ImC8TFSI, which has 8-
carbon spacers. The analogous ammonium PIL had alternating carbon spacer lengths because 
while N,N,N′,N′-tetramethyl-1,6-hexanediamine is available commercially, the 1,8-





hexanediamine and 1,10-dibromodecane. ImC8TFSI is made with 1,8-bisimidazolium octane and 
1,8-dibromooctane. The syntheses involved are very similar to those of the crystalline 
counterparts. 
 
Figure 2.5: Schematics of C6 & C8 monomer and polymer syntheses. 
 
2.1.3 Blend processing conditions 
Blend solution preparation. The crystalline blends were made by mixing the 
homopolymers by weight fractions (25wt%-75wt%, 50wt%-50wt%, and 75wt%-25wt%) in 
acetonitrile at 10mg/mL of total material. Control solutions with individual homopolymers were 
also prepared in acetonitrile at 10mg/mL and 100mg/mL. Solutions were filtered using 0.45 
PTFE filters to eliminate dust or other contaminants. 
Blend processing. Two different methods of blend processing were used: dropcasting 
and spincoating. Dropcasting was used because bulk measurements were desired so film 
thicknesses on the µm scale were needed. Typically, ~1 mL of the 10mg/mL blend solution was 
pipetted onto a piece of silicon wafer and allowed to dry on a hot plate at 150°C, which is known 
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to be above the melting point of the component with a higher Tm. The samples were then kept in 
a desiccator with low humidity. 
Spincoating led to thicknesses on the nm scale, which could have confinement effects, 
but also led to much more uniform films. Films of ~400 nm were created by dropping several 
drops of the 100 mg/mL blend solution onto a silicon wafer piece and spun at 2000 rpm for 60 
seconds. The film thickness was confirmed using an alpha-SE ellipsometer from J. A. Woollam 
at a 70° angle of incidence. 
 
2.1.4 Characterization techniques used 
Thermogravimetric Analysis (TGA). To ensure the homopolymers and blends did not 
degrade at the temperatures used for annealing (less than 200°C), a TA Instruments Q50 TGA 
was used to determine degradation temperature (Td). Blend solutions were dropcasted directly 
into TA pans and dried on a hot plate at 150°C until ~10 mg of material was accumulated. A 
10°C/min ramp from room temperature up to 400°C or 500°C was used to determine Td. 
DSC. The Tg, Tm, and Tc values for the homopolymers and blends were determined using 
a TA Instruments Q2500 DSC on a heat-cool-heat method. Blend solutions were dropcasted 
directly into TA pans and dried in a vacuum oven at 150°C for at least two hours such that dried 
samples were 5 to 10 mg. Samples were sealed using a TA pan crimper. All heating and cooling 
rates were 10°C/min for a temperature range of -80°C to 160°C. The Tg values are taken as the 
midpoint of the heat capacity changes in the second heating step. The Tm values are taken as the 
melting peak temperature in the first heating step. The Tc values are taken as the crystallization 
peak temperature in the cooling step. 
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Isothermal experiments were completed after Tm values were determined. For these, the 
samples were heated at 10°C/min to 160°C, then jumped to an intermediate temperature of 95°C, 
80°C, 65°C or 50°C. Below 50°C it becomes hard to jump to that temperature from 160°C 
quickly enough. The temperature was then held as heat capacity was measured for the duration 
of the crystallization process. 
Polarized optical microscopy (POM). Spincoated films were placed on the hot plate at 
150°C and melted for ~15 minutes. In the meantime, a Linkam temperature stage fixed on the 
sample stage of a Zeiss Axio Imager.M2m POM was brought to an intermediate temperature of 
either 95°C, 80°C, 65°C, 50°C, 35°C, or 20°C and stabilized. The films were moved to the 
Linkam stage as rapidly as possible and snapshots were taken to document the different stages of 
nucleation and growth. The films were returned to the desiccator for further crystallization 
overnight at room temperature. 
Grazing-Incidence Wide-angle x-ray scattering (GI-WAXS). The data collection was 
conducted on a high-speed WAXS / small angle x-ray scattering (SAXS) system with a three-




2.2 Results and Discussion 
The system is expected to be miscible due to the chemical similarities between the two 
homopolymers. It is hypothesized that AmC6TFSI will have faster crystallization kinetics due to 
its smaller cation size and aliphatic nature, but at this point, it is unclear how much. If the 
crystallization temperatures and kinetics are similar, the two components can potentially co-
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crystallize. If the difference is quite large, the two components will phase separate as one 
component crystallizes first [17]. 
 
2.2.1 Miscibility of analogous amorphous blend 
The miscibility of the system was determined by comparing the glass transition 
temperatures of homopolymers AmC6C10TFSI and ImC8TFSI with a 50wt%-50wt% blend of the 
two via DSC. Prior to that, a TGA experiment was conducted for confirmation that the system 
does not degrade below 200°C. Both homopolymers and the 50-50 AmC6C10TFSI-ImC8TFSI 
blend had Tds well over 200°C, as shown in Table 2.1 below. 
 








From the second heat curves in DSC, it was observed that the 50AmC6TFSI-50ImC8TFSI 
blend had a single Tg in the middle between the Tgs of the original homopolymers, as can be seen 




Figure 2.6: Single Tg in analogous amorphous system blend indicates miscibility. 
 
 









From this Tg shift effect, there is strong evidence that the system is miscible. Although 
the cations are different chemistries, the similar spacer length and same mobile counterion allows 
the homopolymers in the system to mix well in an amorphous state. If the system had undergone 
phase separation, there should be two Tgs, corresponding to the homopolymer materials in phase-
separated regions.  
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As the focus is shifted from the analogous amorphous system back to the crystalline 
system of interest, the thermal characterization becomes more complicated as there are now 
melting peaks and crystallization peaks which can mask the Tgs in the heat curve. However, 
based on the results of the Tg shift for the analogous amorphous system blend system, it is 
believed that the crystalline blend system will exhibit similar miscibility above the melting 
temperatures of the homopolymers. 
 
2.2.2 Thermal characterization of crystalline homopolymers and blends 
After the confirmation that the system is indeed miscible in the liquid state, all thermal 
transitions in the crystalline blend system (AmC6TFSI and ImC6TFSI) were examined. Again, 
TGA experiments were conducted for both homopolymers and a 50wt%-50wt% blend. As Table 
2.3 shows, all degradation temperatures were found to be well over 200°C for this system. 
 







From the DSC plots of the homopolymers, the Tm and Tc values were determined. It was 
found that the AmC6TFSI melts at a higher temperature of 133°C and crystallizes at 84°C during 
the cooling method. The ImC6TFSI melts at a lower temperature of 56°C but does not crystallize 
on the time scale of the DSC experiment. In fact, the imidazolium homopolymer crystallizes on 
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the time scale of hours and is typically allowed to do so overnight. Since there is a large 
difference in Tm (~75°C) and in crystallization rate between the homopolymers, further 
isothermal experiments were later conducted. (See Section 2.2.4) 
The crystalline blends exhibited similar Tg shifts as observed in the analogous amorphous 
blend. All blends appeared to have a single Tg shifting away from the ImC6TFSI Tg and 
broadening with increasing AmC6TFSI content. The Tgs of AmC6TFSI and high-content 
AmC6TFSI blends are masked by the high crystalline content, which makes it difficult to 
characterize the shifts quantitatively. It is unknown whether the Tg shift follows the Flory-Fox 
equation or some other model. 
 
Figure 2.7: Apparent Tg shift between crystalline Im polymer and Am polymer in DSC heat 
traces. AmC6TFSI Tg is not observable. 
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The blends displayed melting peaks for both AmC6TFSI and ImC6TFSI components 
during the first heat, which stayed at the same temperatures as the homopolymers. On the other 
hand, the Tcs of the blends shifted to lower temperatures than the Tcs of AmC6TFSI. It was 
unclear at this point if the ImC6TFSI component inhibits the crystallization of the AmC6TFSI 
component in the blends, or if the AmC6TFSI component enhances the crystallization of the 
ImC6TFSI component and they are co-crystallizing. 
However, based on the second heat curves of the blends, it is observed that the 
AmC6TFSI component melts at the same Tm as it does during the first heat curves. It is assumed 
from this observation that the two components are crystallizing separately and that the 








Figure 2.8: DSC traces of shifting crystallization temperatures, despite same melting 







2.2.3 Isothermal experiments via polarized optical microscopy 
Isothermal experiments on a POM allowed for visual characterization of the samples’ 
extent of nucleation and growth. The nucleation time, growth rate, and final grain size of 
spherulites were monitored throughout time with the Zen software for Zeiss microscopes.  
 




At lower temperatures (higher undercooling), it was noted that there was significantly 
more nucleation, with more spherulites of smaller grain size. Below 35°C, no crystallization was 
observed, presumably due to the high diffusion resistance when there is too much undercooling. 
 
 
Figure 2.10: POM images of nucleated crystals of AmC6TFSI at various isothermal 







Figure 2.11: Growth rates of AmC6TFSI spherulites are slower with lower isothermal 
temperatures due to the increased nucleation (more crystals).  
 
 










Since ImC6TFSI crystallizes on a much longer time scale, it was more difficult to monitor 
the nucleation and growth of its spherulites. POM images were not taken for ImC6TFSI crystals. 
Only AmC6TFSI spherulites were studied in this experiment. 
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In addition to temperature studies, the POM isothermal experiments confirmed what was 
concluded based on the DSC characterization of both the homopolymers and blends. When films 
of different compositions were brought down from a temperature higher than both component 
Tms to an intermediate temperature between the two component Tms, it was found that the 
spherulites nucleate and grow much more quickly for the AmC6TFSI homopolymer than for the 
blends containing both components. The rate difference, determined from the slopes, is shown in 
Table 2.6. Substantial dewetting from the silicon substrates was also observed in the films for the 
blends. 
 
Figure 2.12: POM images of nucleated crystals of AmC6TFSI-ImC6TFSI blends at various 









Figure 2.13: Growth rates of blend spherulites are slower than AmC6TFSI spherulites at the same 
isothermal temperature of 95°C. There is less nucleation in the blends than the AmC6TFSI 
homopolymer (fewer crystals).  
 
 









2.2.4 Isothermal experiments via differential scanning calorimetry 
Isothermal experiments done via DSC provided more information on the crystallization 
kinetics of the samples in a quantitative way. Relative crystallinity was determined by taking the 
fraction of the integrated crystallization peak area at that time point over the total integrated 
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crystallization peak area. Avrami parameters were then obtained from the fitting of relative 
crystallinity with respect to time at various intermediate temperatures. Overall, crystallization 
rate constant k, Avrami exponent n, and crystallization time τ at 50% crystallization τ50% were 
determined and tabulated, as can be seen in Table 2.7. Again, crystallization kinetics of 
ImC6TFSI were not studied due to the crystallization process’s long time scale.  
 
Figure 2.14: Trace from a DSC isothermal experiment for a 50AmC6TFSI-50ImC6TFSI blend.  
 
 
With the AmC6TFSI homopolymer, only the crystallization processes at 95°C and 80°C 
isothermal experiments were quantifiable. In such experiments, it is necessary for the sample to 
reach the intermediate temperature prior to beginning the crystallization process; otherwise it 
becomes difficult to characterize relative crystallinity. In this case, when the AmC6TFSI jumped 
down to 60°C or lower from a temperature higher than its Tm, the crystallization process was fast 
enough that it began occurring before the intermediate temperature was reached. 
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The 50AmC6TFSI-50ImC6TFSI blend was more easily characterized due to the slower 
crystallization processes observed earlier via heat-cool-heat DSC runs and POM images. 
Crystallization processes at more intermediate temperatures were observable.  
 
Figure 2.15: Example of an Avrami fitting obtained from a plot of relative crystallinity vs time at 
















Table 2.7: Avrami fit parameters for DSC isothermal experiments for AmC6TFSI and 
50AmC6TFSI-50ImC6TFSI. 
 
Avrami fit function: y = 1-exp(-ktn) 
 
T	 k	 n	 τ50%	(s)	
95°C	(100Am-0Im-C6TFSI)	 8.38E-5	 1.99	 93	
80°C	(100Am-0Im-C6TFSI)	 1.34E-3	 1.87	 28	
95°C	(50Am-50Im-C6TFSI)	 4.557E-8	 2.50	 746	
80°C	(50Am-50Im-C6TFSI)	 5.570E-8	 3.17	 173	
65°C	(50Am-50Im-C6TFSI)	 1.132E-6	 2.98	 87	
50°C	(50Am-50Im-C6TFSI)	 2.756E-6	 2.72	 97	
 
The k values were highest at 80°C for AmC6TFSI and between 50°C and 65°C for 
50AmC6TFSI-50ImC6TFSI. Similarly, the τ50% values were lowest at the same temperatures. In 
other words, it took the least amount of time to crystallize 50% at those temperatures. This 
matches with expectations that: 1. there is an optimal point of crystallization, at which kinetics 
are the fastest, and 2. that optimal point is around where the crystallization peak occurred during 
the cooling stage of the heat-cool-heat DSC experiments earlier. 
The Avrami exponents fitted were close to 2 for AmC6TFSI and closer to 3 for 
50AmC6TFSI-50ImC6TFSI. This could be due to a discrepancy between the sample masses. The 
homopolymer samples were 5 to 6 mg in the pan, while the 50AmC6TFSI-50ImC6TFSI blend 
sample was 9 mg in the pan. The homopolymer seems to exhibit a 2-dimensional crystallization 
behavior due to a thinner layer of material at the bottom of the pan. Because the DSC pan has 
good thermal contact with the sample stage at the bottom of the pan in a 2-dimensional layer, the 
crystallization is perceived as 2-dimensional. Meanwhile, with the blend, the sample was slightly 
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thicker and has more of a depth. If the depth is larger than the scale of microns, then the growth 
of the spherulites could be perceived as more 3-dimensional.  
 
2.2.5 Observation of crystalline structures via x-ray scattering 
Preliminary GI-WAXS experiments were conducted for the two homopolymers, as well 
as 50AmC6TFSI-50ImC6TFSI and 75AmC6TFSI-25ImC6TFSI, after both components were 
allowed to crystallize. The homopolymers exhibited distinct crystalline peaks. AmC6TFSI had 
peaks around 8 nm-1, 10 nm-1, and 14 nm-1. Meanwhile, ImC6TFSI had peaks around 8.5 nm-1 
and 12 nm-1.  
 
Figure 2.16: GI-WAXS data for the two homopolymers and two blends exhibiting crystalline 




As for the blends, they mostly exhibited the same crystalline peaks from both 
components. The ImC6TFSI peak at 12 nm-1 appears to disappear as AmC6TFSI content 
increases. This could be due to the AmC6TFSI component inhibiting the crystallization of the 
ImC6TFSI component, similar to what was seen earlier with the ImC6TFSI inhibiting the 
crystallization of the AmC6TFSI component. Other than that, there are no intermediate peaks 
between the crystalline peaks of the homopolymers, which appears to confirm the belief earlier 



















CHAPTER 3: UNDERSTANDING MISCIBILITY IN AMORPHOUS CHARGED 
POLYMER BLENDS 
3.1 Materials and Methodology 
Intro: In this study, a PIL was blended with a nonionic polymer. It has been predicted that 
charge can either shift the phase diagram to higher temperatures or skew the boundaries. The PIL 
selected was ImC8TFSI, which was used to determine miscibility of the crystalline polymer 
blend system in Chapter 2. This homopolymer was chosen due to its amorphous nature and high 
conductivity due to ion chemistries. The nonionic polymer selected was poly(2-vinylpyridine) 





Figure 3.1: Chemical structures for ImC8TFSI and P2VP homopolymers. 
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The two homopolymers for this polymer blend system are not likely to mix across all 
temperatures and concentrations, due to their differing chemistries and modest interactions, 
contributing to a higher χN. To combat this, the effect of molecular weight (MW) was studied. 
Using lower N homopolymers should allow the system to mix at lower temperatures. 
Determining the point of phase separation in such a charged polymer blend and being able to 
control the degree of phase separation under certain conditions would be useful for applications 
such as membranes. 
 
3.1.1 Synthesis of amorphous ionic polymer 
Synthesis of 1,8-bisimidazolium octane monomer. Imidazole (40.5 mmol, 2.76 g) was 
dissolved in tetrahydrofuran (THF) (30 mL). Sodium hydride with a 60% dispersion in mineral 
oil (1.2 equiv, 81.0 mmol, 1.945 g) was placed under vacuum and backfilled with N2 gas three 
times before the imidazole solution was added slowly. The mixture was then stirred at room 
temperature at 200 rpm under N2 until there was no more bubbling. The mixture was lowered in 
a hot oil bath of 70°C. 0.5 equiv. of 1,8-dibromooctane (3.67 mL, accounting for 98% purity) 
was added dropwise to the solution, which was then stirred under the same settings overnight. 
The following morning, the flask was removed from the oil bath and allowed to reach 
room temperature. 75 mL of deionized water was introduced into the flask and the contents 
dissolved. The monomer was extracted with methylene chloride (3x 15mL). The combined 
organic layer was then washed with 5 to 10 mL of brine, dried over anhydrous sodium sulfate, 
and filtered through a funnel. A rotary evaporator was used to remove solvent initially. Further 
solvent was removed by drying the product in a vacuum oven at 60°C overnight. The product 
appeared as a light-yellow oil.  
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Since sodium hydride had mineral oil, a second extraction process with methanol and 
hexane was needed. The intermediate product was added to 40 mL of methanol and extracted 
with hexane (3x 40 mL). Again, the product was dried and filtered through a funnel. A rotary 
evaporator was used to remove initial solvent. Final drying occurred in a vacuum oven at 60°C 
overnight. The final product was still a light-yellow oil. Chemistry of the monomer was 
confirmed via NMR. 
 
Figure 3.2: 1H NMR spectra in d-CDCl3 confirms the formation of monomer ImC8Im. Three 
distinct groups of methylene protons are observed between imidazolium groups as anticipated. 
 
 
Step-growth polymerization of ImC8Br. The amount of 1,8-bisimidazolium octane 
monomer was measured and mixed with 1 equiv. of 1,8-dibromooctane and 15 mL of acetonitrile 
in a round bottom flask. The mixture was stirred in a hot oil bath of 70°C at 200 rpm under N2 
gas overnight. 
The following morning, the flask was removed from the oil bath. A rotary evaporator was 
used to remove acetonitrile initially. Further solvent was removed by drying the product in a 







Figure  3.3: 1H NMR spectra in d-DMSO confirms the polymerization of ImC8Br. This particular 




Ion exchange of Br- for TFSI-. See Section 2.1.1. Chemistry of the polymer was re-
confirmed via NMR. 
 




Precipitation of P2VP. P2VP with Mw of 40,000 g/mol was purchased from 








dissolved in methanol and precipitated out into water. The precipitated product was then placed 
in a vacuum oven at 40°C overnight. 
 
3.1.2 Blend processing conditions 
Blend solution preparation. It was first observed that the homopolymers both dissolve 
well in very few solvents. Methanol was selected as the common solvent from the solubility 
tests. The blends were made by mixing the homopolymers by weight fractions (20wt%-80wt%, 
25wt%-75wt%, 40 wt%-60 wt%, 50wt%-50wt%, 60wt%-40wt%, 75wt%-25wt%, 80wt%-
20wt%) in methanol at 20mg/mL of total material. Control solutions with individual 
homopolymers were also prepared in methanol at 20mg/mL. Solutions were filtered using 0.45 
PTFE filters to eliminate dust or other contaminants. 
Blend processing. ~1 mL of each of the blend solutions were dropcasted onto glass 
slides at 35°C on a hot plate. A glass petri dish cover was placed over the slides to ensure slow 
evaporation of the methanol from the blend for smooth films. Depending on the composition, the 
films could be clear or cloudy.  The films were dried in this controlled manner overnight. They 
were later transferred to a vacuum oven to be annealed at 120°C overnight. 
 
3.1.3 Characterization techniques used 
TGA. To ensure the homopolymers and blends did not degrade at low temperatures (less 
than 200°C), a TA Instruments Q50 TGA was used to determine Td. Polymer blend films were 
dropcasted onto microscope glass slides, then removed via razor blade and placed into TA pans 
~10 mg of material was accumulated. Instrument methods used included a simple 10°C/min 
ramp from room temperature up to 400°C or 500°C. 
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DSC. The Tg values for the homopolymers and blends were determined using a TA 
Instruments Q2500 DSC on a heat-cool-heat method. Polymer blend films were dropcasted onto 
microscope glass slides, then removed via razor blade and placed into TA pans until 5 to 10 mg 
of material was accumulated. Samples were dried in a vacuum oven at 120°C for two hours, then 
sealed using a TA pan crimper. All heating and cooling rates were 10°C/min for a temperature 
range of -80°C to 160°C. As in Chapter 2, the Tg values are taken as the midpoint of the heat 
capacity changes in the second heating step. 
Fluorescence Imaging on a Confocal Laser Scanning Microscope (LSM). 
Homopolymer and blend samples were imaged through coverslip glass slides using a Zeiss LSM 
800 confocal microscope. The samples were excited at 405 nm and observed under the 63x 
objective with oil immersion. Z stack images were taken for 3D reconstructions if the samples 
exhibited features. Snapshots were taken for featureless samples. 
Electrochemical Impedance Spectroscopy. Samples were sandwiched between two 
electrodes. To prepare for the experiment, the bottom electrode was covered with Kapton tape, 
which was later cut with a circular punch and removed to create a mold for the materials to be 
deposited. The more imbalanced blends (P2VP/ImC8TFSI: 20/80, 25/75, 75/25, 80/20) were 
dropcasted directly into the circular mold on the bottom electrode and then dried in a vacuum 
oven at 140°C for 3 hours. For the other blends the samples were prepared by dropcasting the 
materials onto a glass slide, vacuum drying at 140°C for 3 hours and then cut with circular 
punches. The circular samples were then placed onto the Kapton mold on the bottom electrode. 
After vacuum drying, the diameter of the circular samples was measured and a second electrode 




The samples, sandwiched between two steel electrodes, were placed in a temperature cell 
and stabilized at relevant temperature. The AC current was modified for each temperature by 
trial and error. The frequency range studied was 1 MHz to 100 mHz. The voltage signal 
amplitude applied was 100 mV. Nyquist plots were obtained for each temperature (in 10°C 
increments) studied for every blend. This was done for both the low-MW blends as well as the 
high-MW blends. 
 
3.2 Results and Discussion 
The miscibility of this amorphous polymer blend system is expected to be tunable by 
varying molecular weight of the homopolymers. Based on theory, blends containing 
homopolymers of lower molecular weight should be more miscible. (See Section 1.1.1). This 
result should be reflected by higher shifts in Tgs, away from those of the homopolymers. Imaging 
methods should show fewer phase-separated domains. Additionally, the conductivity values of 
blends should drop off from those of the conductive homopolymer by itself as more of the other 
homopolymer is added.  
 
3.2.1 Thermal characterization of amorphous homopolymers and blends 
The effect of molecular weight on miscibility of the system was studied via thermal 
characterization methods. Two batches of ImC8TFSI homopolymer were created, one believed to 
have a higher MW than the other. Theoretically, the lower-MW polymer should contribute to a 
more miscible system. 
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Both batches of ImC8TFSI and P2VP were run on TGA to ensure degradation would not 
occur below 200°C. All three polymer batches had Tds of well above 200°C, as can be seen in 
Table 3.1 below.  
 




The second heat DSC curves of the homopolymers and blends at various compositions 
reveal that the blends contain two Tgs shifted inwards from the Tgs of the homopolymer 
components. This does not indicate blend miscibility or immiscibility definitively. Based on past 









Figure 3.5: DSC heat traces of low-MW ImC8TFSI, P2VP, and blends. The blends have two Tgs 


















Figure 3.6: DSC heat traces of high-MW ImC8TFSI, P2VP, and blends. The blends have two Tgs 
that shift inwards, similar to low-MW blends, although shifts are not as drastic. 
 










The system with the lower-MW ImC8TFSI displayed more drastic Tg shifts than the 
system with the higher-MW ImC8TFSI. This is especially reflected in the Tg at a blend 
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composition of about 20 wt% P2VP. With a lower-MW PIL, the Tg is 12°C at 20 wt% P2VP, 
whereas with a higher-MW PIL, the Tg is 67°C at 25 wt% P2VP. It is demonstrated through 
these second heat DSC curves that the system with the lower-MW ImC8TFSI is slightly more 
miscible, as predicted. 
 
Figure 3.7: Plotted Tgs of low-MW and high-MW ImC8TFSI, P2VP, and blends. Lower MW 
blends indicate higher miscibility. A) Lower MW. B) Higher MW. 
 
3.2.2 Imaging of phase domains via confocal laser scanning microscopy 
Imaging of these blends proved difficult with normal optical microscopic methods, as 
there was low contrast between the two materials. An alternate approach was pursued via the use 
of a confocal LSM. It had been observed in the lab that ImC8TFSI glows intensely when shining 
a black light onto the material. It is assumed there is some sort of photoluminescence effect that 
is not quite fluorescence. If P2VP did not have this characteristic, perhaps the difference between 
the two could be resolved by fluorescence detector signals with the LSM.  
The fluorescence levels of the two homopolymers were measured with a Horiba 
fluorometer when excited with a 405nm laser. Both homopolymers did exhibit some emission 
signal from 450nm to 600nm; however, P2VP did have a much lower emission signal than 
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ImC8TFSI. This allowed for an appropriate imaging method with sufficient contrast between the 
two components. 
The system with the higher-MW ImC8TFSI was examined due to its higher amount of 
phase separation. Both homopolymers were examined first; imaging yielded uniform 
fluorescence signals throughout. As seen with the fluorometer, the ImC8TFSI signals were much 
higher than the P2VP signals. The 75P2VP-25ImC8TFSI blend was also uniform, with no 
present phase separation. However, the 50P2VP-50ImC8TFSI blend exhibited phase separation, 
with 2 to 5 um domains of ImC8TFSI dispersed in a P2VP matrix. The 25P2VP-75ImC8TFSI 
blend exhibited larger and more frequent phase-separated domains (5 to 10 um).  
 
 
Figure 3.8: Imaging from confocal LSM. Dimensions are 101.41 um x 101.41 um for each 
imaged plane. Tick marks are 5 um apart. A) 3D construction of 25P2VP-75ImC8TFSI film, with 
frequent fluctuations and larger domains. B) 3D construction of 50P2VP-50ImC8TFSI film, with 
more uniform phase-separated domains that are smaller. C) 2D imaged plane of 25P2VP-
75ImC8TFSI film, which shows no features, indicating no phase separation.  
 
The 75P2VP-25ImC8TFSI blend uniformity could be explained by a potential trapping of 
the ImC8TFSI component in the glassy P2VP state. It becomes more difficult with higher 
amounts of ImC8TFSI and phase-separated regions form when the P2VP cannot trap all the 
ImC8TFSI in the blend. 




3.2.3 Electrochemical analysis of amorphous homopolymers and blends 
From the Nyquist plots obtained in electrochemical impedance spectroscopy, 
conductivities were calculated for various temperatures for each blend, and plotted with 
temperature. Plots were normalized to the Tg of each blend. 
 
Figure 3.9: Conductivity plots of ImC8TFSI and various P2VP-ImC8TFSI blends at various 
temperatures above lower blend Tg (Tg of ImC8TFSI, which is the more conductive component). 
Conductivity decreases monotonically as P2VP is added. A) Lower MW. B) Higher MW. 
 
As can be seen in Figure 3.9 above, higher-MW blend conductivities drop off more 
quickly than lower-MW blend conductivities. This agrees with what is expected, as lower-MW 
blends showed better miscibility when characterized thermally. A higher miscibility means fewer 
phase-separated domains of ImC8TFSI in a P2VP matrix, as was seen with the confocal LSM 
images. Then, a higher miscibility indicates a material with more uniformity of the conductive 
homopolymer and thus higher conductivity values. 
In both cases, as more P2VP is added to the blend, the conductivity values drop off 
quickly, which also agrees with what is expected. The amount of the conductive homopolymer is 
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decreasing with increasing P2VP content. The 50P2VP-50ImC8TFSI low-MW blend exhibits a 
conductivity drop of more than 50%. In the future, it could be worth exploring how quantitative 
the conductivity changes are with increasing P2VP content. 
In the case of the higher MW blends, conductivity values become low throughout after 
the blend becomes greater than 50 wt% composition. At 75 wt% P2VP, the conductivity values 
become less reliable due to the larger amount of fluctuations of phase-separated domains, as was 



















CHAPTER 4: CONCLUSIONS AND FUTURE WORK 
Various ionic polymer blend systems were examined and studied in detail, but there is 
still much to be done to gain a further understanding of the fundamental role of charges in 
polymer blend systems. 
                                      
4.1: Conclusions and outlook for crystalline polymer blends 
First, a crystalline ionic polymer blend system of two chemically similar PILs was 
observed. It was found, by looking at the analogous amorphous system, that the system is 
miscible. This was reflected in the Tg shifts of the second heating traces obtained via DSC. When 
comparing the cooling traces of AmC6TFSI and the AmC6TFSI-ImC6TFSI blends from the 
cooling traces, it was discovered that the blends exhibited crystallization peaks at lower 
temperatures. However, the melting peaks in the second heating traces do not shift from those of 
the AmC6TFSI component in the first heating traces, indicating that only the AmC6TFSI is 
crystallizing, at an inhibited rate when compared to the pure homopolymer. This was confirmed 
with images obtained via POM, as well as DSC isothermal experiments. It was found, from the 
spherulite images and the fitted Avrami kinetic parameters, that the peak crystallization rate is at 
a temperature between 80°C and 95°C for neat AmC6TFSI, but closer to 60°C for a 50-50 blend, 
which matches the findings from the DSC cooling traces. As expected, GI-WAXS signals 
showed the presence of two separate crystalline components, confirming the lack of co-
crystallization between the two neat homopolymers. 
Although many characterization techniques were utilized when studying the crystalline 
polymer blend system, much further work can be done to gain a better understanding of 
crystalline PILs in blends. What was not fully studied were the crystallization kinetics of the 
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ImC6TFSI component. Due to the much slower kinetics of the homopolymer, there are no visible 
crystallization peaks from cooling traces in DSC, but the kinetics could be further examined via 
POM images. Observation would have to take place over several hours, but would help gain an 
insight into the ImC6TFSI component in the blends.  
GI-WAXS was used as a technique to look at the grazing incidence x-ray scattering off 
blends in the form of films. However, films can be uneven when dropcasted. Perhaps a better 
characterization technique for the future is to use capillary tubes. It is then also easier to control 
temperature of the material, and obtain scattering signals at various temperatures. The other thing 
that is not ideal about using GI-WAXS is that the material properties in bulk vs at the surface are 
not well understood.  
Since the system is an ionic polymer blend system, albeit crystalline, it could be useful to 
understand if the blends are at least somewhat conductive. It might be worth obtaining 
electrochemical impedance spectroscopy data for the homopolymers and the blends to see if 
there is a trend for conductivity with composition. 
Additionally, the system examined was a polymer blend of two homopolymers that had 
the same carbon spacer length and mobile counterion, but different cations. Another system that 
could be interesting to look at is one where the two homopolymers have the same backbone but 
different mobile counterions. This could fix the problem of having two components with very 
different melting temperatures and crystallization kinetics, and it would be interesting to see how 
the counterions interact with each other and the backbone polymer in such a system.  
With sufficient further study on this system, a better understanding of how to control 
frequency and size of crystalline domains in polymer blends would be developed. This 
knowledge can then be used to gain a better understanding of a polymer blend system of 
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crystalline component and an amorphous component with tunable crystalline and amorphous 
domains, which would be extremely useful for applications such as devices for thermal 
switching. 
 
4.2: Conclusions and outlook for amorphous polymer blends 
Next, an amorphous polymer blend system comprising of a PIL and a non-ionic polymer 
was examined. Simultaneously, the role of molecular weight on blend miscibility was studied. It 
was discovered that the P2VP-ImC8TFSI system is partially miscible, more so when the PIL has 
a lower molecular weight. It was seen from confocal LSM images that some blends exhibited 
phase-separated domains, while others did not. As the amount of PIL increased, more frequent, 
larger domains became present, in a decreasingly uniform manner. So far, the confocal LSM 
characterization has proved to be crucial in observation of when the system is phase separated or 
not. Finally, it was observed that the conductivity drops off monotonically with increasing P2VP 
content. A more miscible system appears to help the conductivity drop off slower. 
 The amorphous polymer blend system studied has only yielded some preliminary pieces 
of information. By tuning molecular weight of P2VP, or considering another non-ionic polymer, 
the miscibility of the system can be tuned further. There is also still lots to be done with the 
confocal LSM technique. Imaging could be obtained for many more compositions to understand 
at which composition the phase-separated domains first appear, and at which composition the 
phase-separated domains become less uniform. Furthermore, preliminary conductivity data were 
obtained to tune the ionic selectivity of blends for use as membranes, but mechanical analysis is 
also an important aspect that can be considered for the mechanical integrity of the membranes. 
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As further work on these areas of interest is conducted, the phase diagram for the polymer blend 
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